We introduce a new system robustness index for optimizing the pump design and operation of water distribution systems. Here, robustness is defined as a system's ability to continue functioning under varying demand conditions. The maximum difference between the daily maximum and minimum pressures of a node was taken as a robustness indicator and incorporated as a constraint in a pump design and operation model that minimizes the total pump cost (construction and operation cost).
INTRODUCTION
Optimizing the operation of a water distribution system (WDS) is a complex task of determining the most costefficient set of states of control components (e.g., pumps and valves) during a predefined period. In the last two decades, the total energy cost has been considered to optimize the pump operation under various constraints: the system's performance under multiple demand conditions (Shamir ) , the number of pump switches during the day (Lansey & Awumah ) , substance concentrations that affect water quality (Sakarya & Mays Most system operators want to supply the required amount of water to their customers even under disturbances (e.g., pipe failure) and thus often place more importance on the system reliability than the operation cost. For example, most system operators want to keep the water level in a tank as high as possible in preparation for emergency conditions (e.g., firefighting). However, this requires constant pump operation, which results in high energy costs. Few studies have attempted to consider system reliability in WDS operation. Farmani et al. () tried to address the They applied the proposed robustness index to the multiobjective optimal design of the Anytown network (pipe and pump design) and compared the results with the solutions obtained from a traditional reliability-based design. They found that a robustness-based design, in contrast to a reliability-based design, can limit the variation in pressures and result in a smaller depth of failure (degree of system degradation) in the event of a pipe break and fire flow. A similar robustness index can be developed for operational reliability or robustness.
The impact of having many pumps on the system reliability has been discussed in some papers. Zhuang et al. () introduced an adaptive pump and valve operation methodology (non-optimization-based method) to mitigate the hydraulic effect of pipe failures in a WDS. Their method identifies the best set of pumping units with various capacities after isolating the affected subsection of the system. Zhuang et al. concluded that having multiple pumps of various capacities increases the system water availability under failure conditions. This conclusion was also summarized by Lansey (), who described multiple pumps as an example of system redundancy.
Although most studies, with the exception of Ostfeld & Tubaltzev () , have solely considered pump operations under the assumption that the pump station configuration is already fixed, pump operations are significantly affected by the number of pumps and their capacity. A system's optimal pump operation can only be determined when the pump design and operation problem are formulated and optimized simultaneously.
In this study, a new robustness index was developed for optimal pump design and operation. Here, robustness was defined as the system's ability to maintain pressures within a given range under varying demand conditions. The maximum nodal difference between the daily maximum and minimum pressures was taken as the robustness indicator and incorporated as a constraint in the pump design and operation model to minimize the total pump cost (construction and operation cost). Two well-known benchmark networks, the Apulian and Net2 networks, were modified and used to demonstrate the proposed model. The decision variables were the number of pumping units in a pump station downstream of a single fixed source, the capacity of the system, and the control statuses during the scheduling period. Different robustness levels were considered for the robustness-based optimizations independently, and the resulting solutions were compared to the traditional least-cost solution. In order to investigate the impact of changes to the tank capacity on the pump design and operation, an Apulian network with a bigger tank was compared against the Apulian network with the original tank.
METHODOLOGY
The proposed model's objective is to minimize the total cost of the pump construction and operation. The system robustness is measured according to the maximum difference between the daily maximum and minimum pressures of a node and incorporated as a constraint in the model. The pump design involves determining the optimal number and capacity (e.g., kW) of pumping units in a pump station.
For optimal pump scheduling, the pumping unit's status (ON/OFF) is determined each hour for 24 h. Note that this study focused on finding the optimal diurnal pump operation, which would be used as a reference and repeated each day under real-life conditions.
The following sections describe the details of the objective functions and optimization approach.
Pump construction cost
The pump construction cost (PCC) is a function of many 
where npump is the number of pumping units to be installed, QP is the rated discharge (gpm) per pumping unit, which is equal to the total system design demand divided by npump, and HP is the rated head (ft) through the pumping units.
Pump operation cost
In a pump station, electricity is required not only to run the pumping units but also to operate the system control and monitoring systems (e.g., SCADA). Unit energy prices generally vary throughout the day because of the power utility and government policies to incentivize customers who avoid electricity usage during periods of the day with high energy costs. The pump operation cost (POC) considers the electricity tariff structure as follows:
where PVF is the present value factor
AI is the annual discount rate, pp is the planning period in years, ϕ is the power coefficient unit conversion factor (0.746/270 kW × h/m 4 ), η is the pump efficiency, t is the time step index (t ¼ 1, 2, …, 24), EC t is the energy cost at the time step t (USD/kWh), H jt is the head gained by pumping unit j at the time step t (m), and Q jt is the flow supplied by pumping unit j at the time step t (m 3 /h). Highly variable and excessive pressure should be avoided for reliable system operation and leakage management. In this study, the proposed model limits the range of pressures throughout 24 h (i.e., 1 day) at the critical node.
System robustness indicator
The robustness at the ith node (NRob i ) is defined as the daily maximum pressure difference, which is calculated as:
where max Pres i is the daily maximum pressure at the ith node and min Pres i is the daily minimum pressure at the ith node. Then, the system robustness (SRob) is defined as the maximum nodal robustness and is calculated as follows:
Optimal pump design and operation model for WDS
A water system operator wants to minimize the economic cost for pump construction and operation while keeping the pressures and system reliability sufficiently high. The
proposed model minimizes the total sum of the pump construction and operation costs with constraints on the pressures, tank level, and system robustness as follows:
where SRob req is the system robustness requirement, Hpres i is the pressure at the ith node, Hpres req is the pressure requirement, TL min and TL max are the minimum and maximum water levels, respectively, in a tank, and TL t is the tank water level at the time step t. The tank level at the final scheduling time step (TL T ) should be within ±0.1 m of the level at the initial scheduling time step (TL 1 ) in order to consider the continuity of the operation. Note that the WDS optimization problem is constrained by the conservations of mass and energy. Here, these constraints were implicitly satisfied through a hydraulic simulation performed on EPANET (Rossman ).
Genetic algorithm
The genetic algorithm (GA) was employed to optimize the pump design and operation. A GA consists of three operators: selection, crossover, and mutation. An even number of individual solutions are selected from a randomly generated initial population based on roulette wheel rules by which solutions of high fitness have a high probability of being selected. During the crossover, the selected solutions share their traits embedded in chromosomes. For example, the pump operations of two solutions during a period can be exchanged. While the crossover operator helps the algorithm explore the solution space, the mutation operator guarantees exploitation of the search and an escape from local optima. In the general GA, mutation alters one or more chromosomes of the selected solution from the original value. In this study, an initial population for the GA was randomly generated. Multipoint crossover occurred with 95% probability, while each chromosome value could be changed with a 5% probability. Therefore, a real random number was generated by each chromosome of the selected solutions, and if it was less than 0.05, mutation occurred. A penalty function approach was applied to naturally exclude solutions that did not satisfy any of the constraints. For example, a penalty factor of 5 million USD was considered to represent a deficiency in system robustness, and the product was added to the total cost.
SUMMARY OF ASSUMPTIONS
A number of assumptions and simplifications were made in this study: (1) Then, a cylindrical tank that could store about 4 h of the peak system demand was added to node 8 with a riser pipe that connected the tank to the system (Figure 1 ). The elevation difference between the maximum and minimum tank levels was 4 m, while two different diameters were considered for the optimization (described in more detail below). We assumed that the total fixed water head of a reservoir in the original Apulian network was lowered from 36 to 18 m. Thus, a pump station needed to be constructed at the link connecting the reservoir and node 1.
All other information about the system (e.g., pipe length and topography) was adopted from Giustolisi et al. () .
A Hazen-William roughness C factor of 130 was used for all pipes. Overall, the modified Apulian network had 23 nodes, 33 links, one reservoir, and one tank.
For the sensitivity analysis of tank capacity, two different tank capacities were considered for the modified The negative demand due to it being a reservoir was removed from node 1. It was assumed that a pump station needed to be constructed at the link connecting the reservoir and node 1. All other information about the system (e.g., tank dimensions) remained the same as with the original Net2 network and can be found in Rossman (). The total tank volume of the Net2 network was 1,087 tons, and the elevation difference between the maximum and minimum tank levels was 6.1 m.
The decision variables were the number of pumping units in the pump station, their capacity in kilowatts, and the hourly pump status over 24 h. The pumps were assumed to be identical. In the Apulian network, the pump capacity was selected from the commercial pump capacities given in Table 1 , while the corresponding pump characteristics curve is presented in Figure 3 . The commercial pump capacities ranged from 0.1 to 5.2 kW in the Net2 network.
A maximum of 10 pumping units could be installed in the pump station.
A diurnal water demand pattern was considered for the two networks, as shown in Figure 4 . The daily maximum hourly demand had a peaking factor of 1.5 from 6 to 7 pm while the minimum hourly demand had a peaking factor of 0.6 at 2 am. A typical electricity tariff structure (Table 2) with three discrete periods was applied to both networks to calculate the pump energy cost. The electricity unit cost was 3.25 times higher during the peak hours than during the lowest tariff hours. Avoiding pumping during peak hours (6 am-3 pm) reduced energy costs; however, this was difficult to achieve because of the high water demand during this period. For the calculation of the POC, the optimal diurnal pump operation was assumed to be repeated over the planning period (20 years).
Hydraulic simulations were performed using EPANET.
The pump status changes over 24 h were modeled with Table 1. EPANET's extended period simulation and variable pump speed pattern. A pump speed factor of zero was considered to model the OFF status of the pump, while a speed factor of 1 was considered for the ON status.
APPLICATION RESULTS
This study investigated the impact of considering the operational system robustness when optimizing the pump design and operation of the case study networks. The total costs of the pump construction and operation were minimized by limiting the daily maximum pressure differences at the critical node to (1) 10, 9, 8, 7, and 6.6 m in the Apulian-35 network;
(2) 15, 10, and 9 m in the Apulian-52.5 network; and (3) 1 and 0.7 m in the Net2 network. The resulting pump designs and operations were compared with the traditional pump design and scheduling obtained by minimizing the economic cost only. Other constraints on the minimum pressure requirement and tank levels (i.e., Equations (7)-(9)) were considered for each optimization. A water distribution network is more robust with small maximum pressure differences than with a large maximum pressure difference because the former indicates consistent performance against disturbances to the demand.
Economic cost results
In the Apulian-35 network, six independent optimizations were performed to obtain the optimal design and operation of different operational robustness levels. Pareto optimal solutions are plotted in Figure 5 . As expected, the total cost increased as the required daily maximum pressure difference decreased (i.e., required operational robustness level increased). A sharp increase in the total cost was observed when the maximum pressure difference was less than 10 m (14.2 psi). The difference between the maximum and minimum pressures was about 25 m (35.5 psi) for the solution that did not consider robustness. Interestingly, only the PCC increased in the Apulian-35 network, while the POCs of the solutions stayed constant ( Figure 5 and Table 3 ).
Therefore, the proportion of the POC to the total cost decreased from 71% for the least-cost solution to 53% for the most robust solution, while that of the PCC increased from 29 to 47%. The POCs were around 4.2 million USD regardless of whether or not robustness was considered.
However, the PCC of the most robust solution were about 2 million USD higher than the investment required by the least-cost solution (Table 3) .
However, such changes in the proportions of the pump construction and operation cost were not observed in the Apulian-52.5 network (Table 4 ). Because the tank water level changes are not rapid, the highest robustness level (9 m) in the Apulian-52.5 network was bigger than that (6.6 m) in the Apulian-35 network. To compensate for the bigger tank size, a bigger pump was constructed for the Apulian-52.5 network than for the Apulian-35 network (e.g., two 90 kW pumps in the least-cost solution of the former and two 75 kW pumps in that of the latter). To have the same level of robustness, fewer total costs were invested in the Apulian-52.5 network than in the Apulian-35 network (e.g., 6.5 million USD for SRob req ¼ 9 m in the former, while 6.9 million USD for the same SRob req of the latter) (Tables 3 and 4 ). The improved resourcefulness from the increased tank capacity helped improve the costeffectiveness of the robustness-based operation.
The total system demand of the Net2 network was 7.2% of that of the Apulian networks, while the original reservoir head of both networks was lowered by about 20 m. Therefore, the commercial pump capacities considered in the Net2 network were smaller, and their pump curve showed less variation in the head gain. As a result, the daily maximum pressure differences were smaller than the Apulian networks (Table 5) . Similarly, smaller pumps were constructed, which lowered the total cost relative to the Apulian networks.
While the POCs were similar among the solutions, the PCC increased when a high robustness level was considered. respectively. Note that the pump capacity decreased at As expected, we observed more pumping around the peak hours, especially in the evening (6-9 pm) (see Compared with the other cases, the pump scheduling when operational robustness was not considered showed relatively constant pumping (see Figures 6(a) and 7(a) ).
For example, in the Apulian-35 network, the two pumping units were operational except at 12-3 am, 8-9 am, and 11 pm-12 am. Note that pressure variations were not limited in this case. In this solution, the two pumps operated even under low demand conditions, which resulted in the water level rising in the tank. For example, the operation of the two pumps at 3-8 am raised the tank water level from 59 to 60 m (maximum tank level) (Figures 6(a) and 8(a) ). The stored water volume during the period was used for the morning peak hours (7 am-12 pm) to reduce pump energy costs by minimizing pumping during the peak hours ( Figure 6(a) ). The demand factors during the period (3-8 am) were mostly between 0.58 and 0.98, while the unit energy cost was 0.08 USD/kWh. On the other hand, the rise in the water level in the tank in the late afternoon (12-5 pm) for the evening peak hours was not as significant as that in the morning because of the high demand (demand factors were between 0.98 and 1.2) and high energy tariff (0.17 USD/kWh) for pumping during the afternoon offpeak hours. This resulted in an increase of less than 0.5 m for the water level in the tank. Similar results were obtained for the Apulian-52.5 and Net2 networks (Figures 7(a) and 9 ).
Tank trajectory comparisons
The aforementioned traditional patterns of tank levels were common to all of the solutions regardless of the study network. However, the tank level variations were bounded in solutions obtained with a high robustness level. Because the pressures within the system are also a function of the water level in the tank, the tank water levels were bounded because of the constraint on the pressure variations. For example, in the Apulian-35 network, the tank water levels of the high robustness solutions (7 and 6.6 m) varied between 58.5 and 59.4 m (0.9 m difference), while that of the least-cost solution varied between 58.5 and 60 m (1.5 m difference) (Figure 8(a) ). In the Net2 network, the tank water level of the high robustness solution (0.7 m) varied between 88.9 and 89.5 m (0.6 m difference), while that of the least-cost solution varied between 88.9 and 89.9 m (1 m difference) ( Figure 9 ). In other words, the high-robustness solution provided little benefit when the stored tank water was utilized during peak hours.
Comparing tank trajectories of two Apulian networks (Figure 8 (a) and 8(b)), the Apulian network with a bigger tank capacity allowed large variations in the tank trajectories (Figure 8(b) ). In order to fill a large volume of water within a limited time (i.e., to fully utilize the storage capacity of a big tank), the Apulian-52.5 network required a bigger pump than the Apulian-35 network (e.g., two 90 kW pumps in the former and two 75 kW pumps in the latter).
Finally, all of the solutions satisfied the constraint on the water level in the final time period, which was considered to ensure continuity in the pump scheduling. Sudden pressure changes within the system can cause low serviceability and thus should be avoided. In practice, system operators do not operate the pumps in this manner.
Pressure variation comparisons
As a result, traditional pump scheduling approaches that only consider the POC have not received a great deal of attention. In all study networks, changing the status of the pumps did not result in significant changes in the pressure with the high-robustness solution (compared to the least-cost solution)
because small pumps were used (Figures 10 and 11) . It was confirmed that constructing many small pumps is beneficial to achieving robust system operation.
The proposed robustness-based pump design and operation can constrain pressure variations to within the desired level while minimizing the total pump cost and satisfying other constraints on the pressure requirements and tank levels. With the diurnal pressure pattern (low pressure around peak hours), the daily maximum pressure difference was limited to predefined levels (Figures 10 and 11) . The proposed pump design and operation scheme was proved to be useful at not only minimizing the total pump cost but also controlling both the system pressure and the tank's water level.
SUMMARY AND CONCLUSIONS
While various types of system robustness and reliability have been adopted for optimizing the pipe sizes of a water distribution network, little effort has been made towards considering system performance measures in optimizing the pump design and operation. However, reliability and robustness (e.g., maintaining the system pressure above certain level) are the most important factors considered by water distribution operators.
This study was the first to develop a system operational robustness indicator and introduce the proposed indicator to water distribution network pump design and operation.
The proposed constrained optimization model minimizes the pump construction and operations cost with constraints on the system robustness, pressure requirement, and tank level. Here, robustness was defined as a system's ability to maintain its pressure within a given range in the event of disturbances to the demand and was calculated as the daily maximum pressure difference at the critical node. The Apulian and Net2 networks were employed to demonstrate the use of the proposed method to design the number of pumps and their schedule over 24 h. The Pareto relationship between the total pump cost and system robustness was investigated by optimizing the proposed model with robustness constraints of 10, 9, 7, and 6.6 m for the Apulian network (Apulian-35) and 1.0 and 0.7 m for the Net2 network. In addition, similar optimization was conducted for an Apulian network with a bigger tank (Apulian-52.5) to investigate the impact of the tank size on the pump design and operation. Each optimization was performed independently. The resulting pump designs and schedules were compared with those obtained from the traditional leastcost decision-making.
Compared to the least-cost operation, regardless of the study network, the robustness-based operation resulted in consistent pressure throughout the day (i.e., the desired pressure difference was achieved). In order to achieve high operational robustness, a larger number of small pumps were constructed and operated. The water level in the tank varied within the bounded range, indicating that the robust operation scheme limited not only the system pressures but also the water level.
Improved resourcefulness from the increased tank capacity helped improve the cost-effectiveness of the robustness-based pump design and operation to achieve the same level of robustness. To compensate for the bigger tank size, a bigger pump was constructed for the Apulian-52.5 network than for the Apulian-35 network.
Comparing the tank trajectories of the two Apulian networks, the Apulian-52.5 network allowed large variations in the tank trajectories.
The results of this study have several limitations that future research should address. First, variable-speed pumps (VSPs) can be considered instead of fixed-speed pumps for robustness-based pump design and scheduling. For fair comparison of the cost efficiency, an accurate PCC function should be provided for VSPs. This study formulated a constrained pump design and operation problem. However, this problem can be solved by multi-objective optimization to explore the full profile of the Pareto optimal solutions.
Fire flow and pipe burst conditions can be considered in the pump optimization. Identifying the relationship between the level of robustness and the magnitude of system leakage is an interesting research topic.
In addition, the tank capacity (i.e., dimensions) can be considered as a design parameter in order to explore the interdependence among three system design parameters (i.e., pump capacity, pump operation, and tank capacity).
Finally, a comprehensive water distribution network design problem can be formulated to consider the pipe sizing, pump and tank design, and pump scheduling simultaneously.
